The bacteria B1-9 that was isolated from the rhizosphere of the green onion could promote growth of pepper, cucumber, tomato, and melon plants. In particular, pepper yield after B1-9 treatment on the seedling was increased about 3 times higher than that of control plants in a field experiment. Partial 16S rDNA sequences revealed that B1-9 belongs to the genus Pantoea ananatis. Pathogenecity tests showed non-pathogenic on kimchi cabbage, carrot, and onion. The functional characterization study demonstrated B1-9's ability to function in phosphate solubilization, sulfur oxidation, nitrogen fixation, and indole-3-acetic acid production. To trace colonization patterns of B1-9 in pepper plant tissues, we used DRAQ5™ fluorescent dye, which stains the DNAs of bacteria and plant cells. A large number of B1-9 cells were found on the surfaces of roots and stems as well as in guard cells. Furthermore, several colonized B1-9 cells resided in inner cortical plant cells. Treatment of rhizosphere regions with strain B1-9 can result in efficient colonization of plants and promote plant growth from the seedling to mature plant stage. In summary, strain B1-9 can be successfully applied in the pepper plantation because of its high colonization capacity in plant tissues, as well as properties that promote efficient plant growth.
The bacteria B1-9 that was isolated from the rhizosphere of the green onion could promote growth of pepper, cucumber, tomato, and melon plants. In particular, pepper yield after B1-9 treatment on the seedling was increased about 3 times higher than that of control plants in a field experiment. Partial 16S rDNA sequences revealed that B1-9 belongs to the genus Pantoea ananatis. Pathogenecity tests showed non-pathogenic on kimchi cabbage, carrot, and onion. The functional characterization study demonstrated B1-9's ability to function in phosphate solubilization, sulfur oxidation, nitrogen fixation, and indole-3-acetic acid production. To trace colonization patterns of B1-9 in pepper plant tissues, we used DRAQ5™ fluorescent dye, which stains the DNAs of bacteria and plant cells. A large number of B1-9 cells were found on the surfaces of roots and stems as well as in guard cells. Furthermore, several colonized B1-9 cells resided in inner cortical plant cells. Treatment of rhizosphere regions with strain B1-9 can result in efficient colonization of plants and promote plant growth from the seedling to mature plant stage. In summary, strain B1-9 can be successfully applied in the pepper plantation because of its high colonization capacity in plant tissues, as well as properties that promote efficient plant growth.
Keywords : colonization, DRAQ5, endophytic, Pantoea ananatis, pepper, PGPR The rhizosphere is the region of soil surrounding a plant root in which extensive biological and chemical activities are present (Walker et al., 2003) This area is primarily influenced by root exudates such as amino acids, organic acids, carbohydrates, sugars, vitamins, mucilage, and proteins (Walker et al., 2003) . Because of the high levels of nutrients in the rhizosphere, this zone is also the place where microbial communities preferentially interact (Barea et al., 2005) . The bacteria highly enriched in the rhizosphere are known as rhizobacteria (Kloepper, 1995; Kloepper et al., 1991) . Of these, the plant-growth-promoting rhizobacteria (PGPR) make up the most well-known group of beneficial rhizobacteria (Kloepper, 1995; Kloepper et al., 1991) . PGPR are defined by 3 unique characteristics: ability to colonize the root, survival and high proliferation in competition with other microbes, and promotion of plant growth (Barea et al., 2005) . The mechanisms through which PGPR promote plant growth, seed germination, and crop yield are not fully characterized. However, numerous studies have demonstrated that they have several abilities such as fixation of nitrogen (thereby increasing the supply of nitrogen), solubilization of inorganic phosphates by releasing organic compounds, and the release of siderophore, which provides iron to plant roots (Altomare et al., 1999; Bloemberg and Lugtenberg, 2001; Steenhoudt and Vanderleyden, 2000) . In addition, they also produce several phytohormones including auxin, gibberellins, cytokinin, ethylene, and salicylic acid that have positive effects on host plants such as growth promotion and stress resistance (Ping and Boland, 2004) . Furthermore, some Bacillus species have been reported to produce volatiles to promote plant growth and to elicite induced systemic resistance (Ryu et al., 2003; .
A wide range of genera have been identified for PGPR including Pseudomonadaceae, Burkholderiaceae, and Enterobacteriaceae, which are most frequently observed (Ping and Boland, 2004; Weyens et al., 2009) . Although numerous PGPR have been shown to promote growth of many plant species, their use in field treatments very often led to ineffective results (Thomashow, 1996) . The main reason for such failures is the absence of precedent studies demonstrating PGPR colonization ability in plant tissues, especially in the rhizosphere (Compant et al., 2005) . Moreover, such studies might be a good way to select endophytic bacteria that can efficiently colonize the internal tissue of the plant with no harmful effect on the host plant, as compared with epiphytic bacteria that reside on the surface of the roots (Compant et al., 2005; Cho et al., 2007; Ryan et al., 2008) .
To evaluate colonization efficiency and density, it is necessary to establish a system that can trace the target strain in inoculated host plants. The introduction of antibiotic resistance genes into the bacteria is the simplest way to tag a selected bacterial strain. However, the bacteria can sometimes lose their antibiotic resistance (Wielbo and Skorupska, 2001 ). Therefore, a bacterial transposon system is currently commonly used to tag bacteria with green fluorescent protein (GFP) because of its specific insertion and stability in most gram-negative bacteria (Lambertsen et al., 2004; Sawabe et al., 2006) . For example, colonization patterns of several endophytic PGPR have been shown using GFP marker, including Methylobacterium sp. in tomato and rice, Burkholderia sp. in grape, Rhizobium sp. and Burkholderia sp. in rice, Enterobacter sp. in poplar, Paenibacillus sp. in cucumber, and Pseudomonas sp. in olive (Compant et al., 2005; Poonguzhali et al., 2008; Prieto and Mercado-Blanco, 2008; Singh et al., 2009; Choi et al., 2004) . In addition, a system containing the luciferase gene has been also applied to monitor colonization patterns of PGPR in the rhizosphere regions (Kim et al., 1998) .
From the screening of bacterial strains to promote growth of pepper plants, strain B1-9 was selected as a promising strain of PGPR. B1-9 was identified as a Pantoea ananatis species. P. ananatis is a gram-negative bacterium belonging to the family Enterobacteriaceae and a well-known plant pathogen causing disease symptoms in various economically important crops worldwide, including both monocotyledons and dicotyledons (Coutinho and Venter, 2009 ). In particular, it causes center rot disease of onion, which is seed-borne and seed-transmitted in onion (Coutinho and Venter, 2009; Morohoshi et al., 2007) . P. ananatis has also been reported to have ice nucleation activity that can be used in the food industry, as well as use a biological control for specific insect pests (Watanabe and Sato, 1999) .
In this study, we investigated the ability of the newly identified, P. ananatis B1-9 to promote plant growth. Functional characterization of B1-9 related to plant growth promotion was performed. To confirm its successful application in the field, we investigated endophytic property, colonization pattern, and population density in plant tissues.
Materials and Methods

Isolation of rhizobacteria from plants. Various plants
showing high growth promotion were collected from various regions (Kim et al., 2011) . Root and rhizosphere samples were ground with pestle and mortar and diluted with 0.1 M MgSO 4 . Diluted samples were poured into 1/50 Tryptic Soy Agar (TSA) medium. Individual colonies on TSA medium were selected based on colony morphology and color. Each isolate was cultured in liquid medium. Glycerol stocks were made by adding 20% glycerol to the bacterial cell culture. Glycerol stocks were kept at -72 o C.
Selection of bacteria that promote plant growth. Seedlings of pepper, tomato, and cucumber plants were grown in a greenhouse. After full expansion of foliage leaves in each plant, 50 mL cell suspensions of each bacterial isolate (10 8 cfu/mL), as well as E. coli DH5α (10 8 cfu/mL) for use as a reference, were applied to the rhizospheres of plants. Two weeks after treatment with bacterial cells, plant growth promotion was evaluated by measuring plant height, plant fresh weight, and number of leaves.
Field experiments. Pepper seedlings grown in a commercial plug nursery greenhouse were transferred into the field. Thirty days after transfer, the rhizosphere region of each plant was treated with 100 mL of diluted bacterial culture (10 8 cfu/mL). After 60 days, the pepper fruit yield of plants treated with bacteria cells were compared with those of non-treated plants and plants treated with E. coli DH5α control. A total of 25 pepper plants for each plot experiment were examined. In addition, 30-day-old melon (Cucumis melo) seedlings were transferred to the greenhouse. One week after plants were transferred, bacterial cells were placed in the rhizosphere regions of the melon plants. After 30 days of treatment, the total plant height and the number of leaves were examined. A total of 21 melon plants for each treatment were used in the field experiment.
DNA extraction, PCR amplification, cloning, and DNA sequencing. Crude genomic DNAs from bacterial isolates were prepared by boiling a small amount of cell material from colonies in 100 µL of 5% Chelex 100 solution (BioRad; Richmond, USA) for 10 min. After centrifugation at 12,000 g for 2 min, the supernatant was used as the DNA template. The PCR reaction was performed using the eubacterial primers (27f and 1492r) as previously described (Chernousova et al., 2008) . The amplified partial 16S rDNA fragment was electrophoretically separated in 0.8% agarose gels. The target band was cut out and purified using a QIAquick ® Gel Extraction Kit (QIAGEN; Hilden, Germany). The purified PCR product was cloned into the pGEM -T Easy Vector (Promega; Madison, USA) following the manufacturer's instruction. Transformed plasmid in E. coli DH5α competent cells was prepared for sequencing using the QIAprep Spin Miniprep Kit. Sequencing was done by Macrogen Co., Ltd. (Seoul, Korea). The retrieved 16S rDNA gene sequences were deposited in the nucleotide sequence database of the National Center for Biotechnology Information (NCBI) under accession number EF690403.
Phylogenetic analysis. The obtained partial 16S rDNA sequences of B1-9 were edited with the BioEdit program. BLAST was performed against the non-redundant nucleotide database in NCBI using obtained sequences as a query. To identify the genus of a bacterial isolate, the partial 16S rDNA sequences of the target bacteria and closely related bacteria were aligned using the ClustalW program (Chenna et al., 2003) . After editing sequences manually, the phylogenetic tree was constructed by the MEGA4.0 program using a neighbor-joining method (Tamura et al., 2007) .
Pathogenicity of the identified P. ananatis B1-9. To determine pathogenecity of identified P. ananatis B1-9, the cultured bacterial cells with a concentration of 10 8 cfu/mL diluted in MgSO 4 buffer were applied onto Chinese cabbage, carrot, and onion. Bacterial cells were sprayed onto Chinese cabbage and were applied to the carrot and onion with a pipette. For comparison, a negative control without treatment and a positive control with Erwinia carotovora causing soft rot were also used.
Phosphate solubilization by selected bacteria. For the phosphate solubilization experiment, we prepared NBRIP (National Botanical Research Institute's Phosphate Growth) medium with pH 7.0, which includes 10 g of glucose, 5 g of Ca 3 (PO 4 ) 2 , 5 g of MgCl 2 ·6H 2 O, 0.25 g of MgSO 4 ·7H 2 O, 0.2 g of KCl, 0.1 g of (NH 4 ) 2 ·SO 4 , and 15 g of agar for 1 L. Bacterial cells were inoculated on NBRIP medium at 28 o C. Two days after treatment, the formation of a clear zone was observed.
IAA production by selected bacteria. In order to test the indole-3-acetic acid (IAA) production ability of selected bacteria, bacterial cells were grown in 5 mL of King B (KB) liquid medium supplemented with 0.1% of L-tryptophan (used as a precursor of IAA) at 28 o C for 16 h. Cultured cells were centrifuged at 8,000 rpm for 30 min. One volume of the supernatant was reacted with 2 volumes of Salkowski's medium containing 50 mL of 35% HClO 4 and 1 mL of 0.5 M FeCl 3 for 30 min in dark conditions. After reaction, IAA production was determined by color change.
Sulfur oxidation. In order to test sulfur oxidation, a mineral salts medium prepared containing 5 g of Na 2 S 2 O 3 , 0.2 g of K 2 HPO 4 , 2.5 g of MgCl 2 ·6H 2 O, 1 g of NH 4 Cl, 0.002 g of bromocresol purple (pH 7.5), and 150 mM methanol for 1 L. Bacterial cells were inoculated onto the mineral salts medium and were cultured at 28 o C for 2 days. Sulfur oxidation was evaluated by color change from purple to yellow.
Nitrogen fixation by selected bacteria. To test the nitrogen fixing ability of selected bacteria, a nitrogen-free semi-solid medium was prepared as described previously (Dobereiner et al., 1995) . After treatment with nitrogenfixing bacteria, a characteristic "nodule" can be observed indicating nitrogen fixation.
Fluorescence labeling. In order to label P. ananatis B1-9, we used a mini-Tn7 system obtained from a previous study, which also showed stable insertion into the chromosome in various bacteria species. To make competent cells for transformation, P. ananatis B1-9 was grown in TSA medium. Subcultured cells were again grown in TSA medium at 28°C until the optical density at 600 nm was 0.4−0.5. The bacterial cells were centrifuged at 4,000 rpm for 10 min at 4°C
, and the pellets were washed 3 times with ice-cold 10% glycerol. Finally, the pellet was re-suspended with 500 µL of ice-cold 10% glycerol. For transformation, the prepared competent cells were kept in ice, and the DNAs of the delivery plasmid and helper plasmid were added as described previously. The delivery plasmid includes GFP, as well as antibiotic-resistance genes, and the helper plasmid contains transposase genes (Lambertsen et al., 2004) . After incubation in ice for 10 min, the mixture was electroporated using a Gene Pulser Plus (Bio-Rad) with settings of 2.5 kV, 200 Ω, and 25 µF. Transformed cells were selected on Luria-Bertani (LB) medium containing chloroamphenicol antibiotic (25 mg/mL). To select positive transformants, colony PCR was performed using GFP (478) and Tn7-GlmS primers as described previously (Lambertsen et al., 2004) .
Examination of the colonization density and pattern of B1-9 in pepper seedlings in gnotobiotic condition. To check the density of bacterial cells in pepper plant tissues, pepper seeds were first sterilized with 1% NaOCl and 70% EtOH. The seeds were placed on a square plastic growth box containing 1.2% agar supplemented with MS medium. Pepper plants were grown at 25 o C with a light and dark (16 h/8 h) photoperiod. Bacterial cells were grown at 28 o C for 16 h. After centrifugation, bacterial cells were diluted with phosphate-buffered saline (PBS; pH 6.5) buffer. The diluted cells (10 8 cfu/mL) were applied to the rhizosphere regions of plants with full expansion of foliage leaves. Seven days after treatment, colonization density and patterns of B1-9 in pepper roots were observed.
Observation of bacterial cells in pepper plant tissues. Inoculated plants were taken from the MS agar. Plants were gently washed with sterilized water to remove agar pieces on the root. Then, plants were sectioned into 3 parts: roots, stems, and leaves. Samples, supplemented with 10 mL of PBS buffer, were ground by mortar and pestle. The homogenized samples were then vortexed for 30 s. Samples were again diluted serially 10 times and were sprayed on LB medium containing chloroamphenicol (25 mg/mL). After 2 days of incubation at 28 o C, bacterial colonies were counted. Values were obtained from 3 replications.
Calculation of the number of endophytic bacteria. To calculate the endophytic bacterial cell density in pepper plant tissues, the inoculated plants were first divided into 3 parts: roots, stems, and leaves. Then each sample was surface sterilized for 10 min using 1% NaOCl. Samples were again washed with 70% EtOH followed by sterilized distilled water. Surface-sterilized samples supplemented with 10 mL of PBS buffer were ground by mortar and pestle. Vortexing, dilution, incubation of cells, and counting of colonies were performed as described above. The number of epiphytic bacterial cells was calculated by subtracting the number of endophytic bacterial cells treated with surface sterilization from the total number of bacterial cells without surface sterilization.
Labeling bacterial cells with DRAQ5™ fluorescence dye and confocal microscopy. To observe the colonization pattern of B1-9 in pepper plants, a culture of B1-9 was inoculated into pepper plants showing foliage leaves grown on MS medium. After 1 week of treatment, pepper plants were washed with PBS buffer and stained with DRAQ5™ (final concentration 10 µM in PBS buffer) for 30 min. There was no washing step. DRAQ5™ is a novel far-red fluorescent DNA dye that normally stains nuclei and chloroplasts in plant tissues (Biostatus Limited; Leicestershire, UK). Red fluorescence imaging was obtained using an Olympus (Tokyo, Japan) FV1000 confocal microscope with excitation at 633 nm and emission at 665 nm.
Statistical analysis. Statistical analysis was performed by the analysis of variance (ANOVA) protected the least significant difference (LSD) test using the Statistical Analysis System (SAS) computer program version 9.3 (http://www.sas.com/).
Results
Selection of growth promoting rhizobacteria. We selected the strain B1-9, which was previously identified to promote growth of cucumber plants (Kim et al., 2011) . To test the ability of B1-9 to increase plant growth, we Fig. 1 . Plant growth enhancement of pepper, cucumber, and tomato by Pantoea ananatis B1-9. Cultured P. ananatis B1-9 cells were applied onto the rhizosphere regions of 3 kinds of plants: pepper (A), cucumber (B), and tomato (C). Two weeks after treatment, growth of plants treated with P. ananatis B1-9 was compared with that of plants without treatment (control) and plants treated with E. coli DH5α (non-effective bacteria). (D) At 14 days after treatment of P. ananatis B1-9 to the root zone of plants, we measured 3 parameters of plant growth: plant height, number of leaves, and plant fresh weight. Untreated plants were used as references. Each ratio was obtained by comparing reference plants. Bars without any value indicate 100% value which is identical to those of reference plants. * and ** indicate significant differences at 0.05 and 0.01 levels, respectively, as compared to references. performed experiments with 3 plant species: pepper, cucumber, and tomato. As compared with control plants, plants treated with the B1-9 strain showed enhancement of growth in all 3 species (Fig. 1A-C) . For example, for plant height, B1-9 was most effective on cucumber plants, which showed an 18% increase in height compared with untreated cucumber plants (Fig. 1D) . The plant fresh weight increased in all 3 plant species after treatment with B1-9. For instance, weight increases in pepper and cucumber plants were 19% and 23%, respectively, as compared with untreated plants. B1-9 was effective at increasing leaf growth only on pepper plants with a 20% increase in the number of leaves as compared with control plants (Fig. 1D) . To prove reliability of the experiments, we performed ANOVA test demonstrating plant growth promotion by B1-9. Especially, ANOVA test strongly supported growth promotion of pepper and cucumber plants by B1-9. On the basis of results for all 3 growth parameters, we determined that B1-9 was most efficient in pepper plants, in which it caused strong enhancement of all 3 parameters of plant growth.
Evaluation of plant growth promotion in the field. As shown above, strain B1-9 was highly effective in growth promotion of the seedling stage of pepper plants. To evaluate the plant growth promotion effect in the field, experiments were conducted on pepper and melon plants grown in the field. After treatment with B1-9, pepper fruit yield was highly increased, as shown in Fig. 2A -C. For instance, 30 days after treatment, the total pepper yield was 8.1 kg, which is 3 times higher than that of untreated plants (Table 1 ). The efficiency of plant growth promotion was stable even at 60 days after treatment, showing 18.6 kg of pepper fruit yield, which is 2.86 times higher than that of untreated plants (Table 1) . ANOVA test supported yield difference between B1-9 and control. Treatment with B1-9 also increased the growth of melon plants in the field, as measured by total height and number of leaves and this results were supported by ANOVA test (Fig. 2D) .
Identification of strain B1-9 based on partial 16S rDNA sequences. In order to identify strain B1-9, the partial 16S rDNA sequences of B1-9 were amplified by PCR and sequenced. The BLAST results, as well as a created phylogenetic tree, revealed that the strain belongs to genus Pantoea and is closely related to P. ananatis (Fig. 3) . P. ananatis B1-9 is gram-negative, rod-shaped, and yellow in After treatment with B1-9, the total height and number of leaves in melon plants were examined and compared to those of untreated melon plants. * and ** indicate significant differences at 0.05 and 0.01 levels, respectively, as compared to untreated plants. C. Therefore, the strain was named P. ananatis B1-9.
Pathogenicity of P. ananatis B1-9. The pathogenicity of P. ananatis B1-9 was tested using Chinese cabbage, carrot, and onion. Erwinia carotovora, which is known to cause soft rot, was used as a positive control (Fig. 4) . After treatment with Erwinia carotovora, all 3 plants showed typical soft rot symptoms; however, plants treated with B1-9 did not show any significant symptoms, thus indicating that the newly identified P. ananatis B1-9 is non-pathogenic against Chinese cabbage, carrot, and onion (Fig. 4) .
Functional characterization of P. ananatis B1-9. To investigate functional characteristics of P. ananatis B1-9 as a PGPR, several experiments were conducted, including tests of phosphate solubilization, sulfur oxidation, nitrogen fixation, and IAA production. After treatment of B1-9 on a medium containing tricalcium phosphate, the inoculated regions gradually changed into clear round zones indicating the production of phosphatase enzymes by B1-9 (Fig. 5A) . Treatment of B1-9 in the medium for sulfur oxidation test induced a yellow-colored zone in the inoculated regions (Fig. 5B) . The addition of B1-9 to the nitrogen-free NFb medium changed the color of the medium from green to blue with a characteristic pellicle formation. This result indicates that B1-9 has an ability to fix nitrogen (Fig. 5C ).
To check IAA production, we conducted a colorimetric assay using an L-tryptophan precursor. Addition of cultured B1-9 into the medium altered the color from orange to red, indicating IAA production by B1-9 (Fig. 5D) .
Transformation of B1-9 for antibiotic resistance and GFP tagging. In order to study colonization patterns of B1-9 in pepper plant tissues, GFP tagging of the B1-9 cells was Fig. 3 . Identification of B1-9 by partial 16S rDNA sequences and phylogenetic analysis. 16S rDNA sequences of B1-9 and closely related bacteria strains were used for the construction of a phylogenetic tree. The tree was constructed by using MEGA4 after aligning the sequences with clustalW and generating an evolutionary distance matrix inferred by the neighbor-joining method using the Kimura parameter. The numbers at the nodes indicate the levels of bootstrap support based on data for 1,000 replicates; only values inferred greater than 50% are presented. The scale bar indicates 0.01 substitutions per nucleotide position. Fig. 4 . Symptom development after inoculation of Pantoea ananatis B1-9 to Chinese cabbage, carrot, and onion. To determine pathogenecity of P. ananatis B1-9, the cultured bacterial cells were inoculated onto Chinese cabbage, carrot, and onion. For comparison, a negative control without treatment and a positive control with Erwinia carotovora causing soft rot were also used. The red circles indicate the regions infected by E. carotovora.
performed using a mini Tn7 system (Lambertsen et al., 2004) . Delivery plasmid and helper plasmid were transformed into competent B1-9 cells by electroporation. The transformed cells were grown in LB medium containing chloroamphenicol. The positive colonies were selected by colony PCR. Several colonies that were resistant to antibiotics were obtained. To check for insertion of the transposon, colony PCR was performed several times with changing PCR conditions and primers. However, only an unspecific band about 3 kbp in size was amplified. As a control, a Pseudomonas species known to be successful with a mini Tn7 system was used (Lambertsen et al., 2004) . It is interesting to note that positive colonies were obtained from Pseudomonas species by colony PCR, and they also showed GFP activity under UV light. Finally, we found that the transformed B1-9 cells contain only plasmids with antibiotic resistances but do not express GFP because of the absence of an attTn7 site in P. ananatis B1-9.
Colonization density of P. ananatis B1-9 in pepper plant tissues. To calculate the number of B1-9 cells in plant tissues, cultured cells were inoculated on the rhizosphere regions of 25-day-old pepper plants grown in aseptic conditions. One week after treatment, the numbers of epiphytic and endophytic bacterial cells were calculated. A large number of bacterial cells were found in the roots, followed by the stems and leaves (Table 2 ). For example, about 1.5 × 10 7 cfu/g were detected in the surface root tissues, whereas 2.6 × 10 6 cfu/g were present in the inner root tissues (Table  2 ). In addition, a similar number of cells was present in the stems, 1.4 × 10 6 cfu/g epiphytically and 1.9 × 10 6 cfu/g endophytically ( Table 2) .
Observation of red fluorescence of nuclear and chloroplast DNA stained with DRAQ5™. In a search of an alternative way to trace B1-9's colonization patterns, we found a red fluorescence dye called DRAQ5™. In general, DRAQ5™ can stain DNA specifically (Martin et al., 2005) . As shown in Fig. 6A -C, plant tissues stained with DRAQ5™ showed red fluorescence in the nuclei and chloroplasts. In the mesophyll and endodermal cells of plant leaves, the stained tissues showed clearly the localization of chloroplasts with red fluorescence (Figs. 6A and  6B ). In addition, the root tissues stained with DRAQ5™ showed nuclear localization with red color (Fig. 6C) .
Epiphytic colonization pattern of P. ananatis B1-9 in pepper plant tissues. One week after bacterial treatment, pepper plants were sampled and divided into 3 parts: roots, stems, and leaves. Each plant tissue was again split into small pieces and stained with DRAQ5™ for Confocal laser scanning microscopy (CLSM). In general, high red fluorescence was observed from root samples, followed by stems and leaves. Numerous cells were colonized in the surface of the lateral roots, root hairs, root tips, and primary roots (data not shown). Bacterial cells were more frequently found in the lateral roots and root hairs than in the root tips and primary roots (data not shown). To get good images, root hairs were used for CLSM. Single rod cells were sporadically distributed in the surface of root tissue and circularshaped bacterial cells were accumulated into clusters (Fig. 6D) . Bacterial cells were very often present along the surface of the epidermal cell layers in the shape of long linear strings (Fig. 6E) . Sometimes, a large number of bacterial cells were clustered together (Fig. 6F) . Such clusters were detected throughout the entire roots. The magnified image shows clearly a large number of cells colonized on The numbers of bacterial cells present in 1 g tissue samples from the roots, stems, and leaves of pepper plants were examined. The number of epiphytic bacterial cells was obtained by subtracting the number of endophytic bacteria from the number of total bacteria cells. * and ** indicate significant differences at 0.05 and 0.01 levels, respectively, as compared to roots.
the surface of root hairs (Fig. 6F ). In addition, many cells could be detected on the surface of stems (Fig. 6G) . The colonization pattern of bacterial cells on the surface of stem is similar to that in the roots, showing an unequal distribution of numerous cells (Fig. 6G) . Similarly, numerous single cells and clusters of bacterial cells could be detected in whole stems. Bacterial cells with red fluorescence were detected on all parts of the leaves. In particular, aggregated bacterial cells were frequently found on the surface of leaf tissues in the vicinity of stomata of the adaxial surfaces (Figs. 6H and 6I) . Furthermore, bacterial cells also colonized the surface of trichomes in leaves and stems (data not shown).
Endophytic colonization pattern of P. ananatis B1-9 in pepper plant tissues. Under observation with a CLSM, red-fluorescence-labeled bacterial cells were found in most parts of the inner plant tissues. For example, bacterial cells were highly present along the cortical cell layers of root tissues (Figs. 6J and 6K ). Yellow arrows in Fig. 6J -N indicate nuclei in host plant tissues with round shapes showing red fluorescence as well. Although DRAQ5™ stains nuclear DNA of both plants and bacteria, the nuclei in plant tissues are easily distinguishable from those of bacterial cells by size and shape. The clustered bacterial cells or numerous single cells were colonized in the intercellular spaces of the rhizodermal cells. A large number of bacterial cells were also colonized in the cell walls of the inner root tissues, mostly cortical cells (Fig. 6L) . In stem tissues, there are numerous chloroplasts that are also stained with DRAQ5™. Yellow arrows indicate chloroplasts with a red fluorescence in stems (Figs. 6M and 6N ). In addition, several bacterial cells with high red fluorescence were detected in the mesophyll cells and inner spaces of leaves (data not shown). There were many clumps of cells in the vicinity of guard cells and cortical cells in the pepper stems (Figs. 6M  and 6N ). Interestingly, groups of bacterial cells were detected in stomata penetrating into the inner cells of the stems (Fig. 6N) . Such bacteria in stomata chambers were frequently found in pepper stems and leaves. To check for bacterial cells within vascular bundles, transverse sections of pepper stems were prepared after surface sterilization. No single cells were found within the vascular tissues. However, several individual cells were present in cortical cells that are located close to vascular bundles. Numerous bacterial cells were colonized along the epidermal cell layer of the leaves, forming clusters (Fig. 6O) . As a result, the colonization pattern of P. ananatis B1-9 in pepper plants was successfully traced with the DRAQ5™ fluorescent dye.
Discussion
In this study, newly identified B1-9 bacteria − isolated from the rhizosphere region of green onion plants in South Korea in 2004 − promoted the growth of pepper, cucumber, and tomato seedlings. Among the 3 tested plant species, pepper plants showed the strongest response to B1-9. Pepper plants (Capsicum annuum L.) are cultivated worldwide. Red peppers, in particular, are economically very important, with a high consumption in Korea as a primary ingredient in Kimchi, a favorite Korean food. So far, several rhizobacteria have been reported to promote plant growth of peppers; these include the genera Bacillus, Pseudomonas, and Pantoea (Domenech et al., 2006; Joo et al., 2004; Kang et al., 2007; Lucas Garciìa et al., 2004) . The pepper-growthpromoting Bacillus species have been identified as producing gibberellins (Joo et al., 2005) which are kinds of phytohormones involved in several biological processes in plants, including seed germination, stem elongation, and flowering (Hedden and Kamiya, 1997) . In addition, Pseudomonas and Pantoea species have been shown to function in pepper plant growth and systemic resistance against X. axonopodis pv. Vesicatoria. (Kang et al., 2007) . Interestingly, strain B1-9 in this study is very similar to the strain PS27 studied previously (Kang et al., 2007) . Both of these were revealed as P. ananatis by partial 16S rDNA sequences and are endophytic bacteria with high growth promotion of pepper plants. It might be interesting to compare the 2 strains by means of 16S rDNA sequences and PGPR abilities. For that, we tried to get the strain PS27 from other group; however, it seems that they lost the stock recently. Therefore, the direct comparison was impossible. According to previous research, root fresh weight was significantly increased by the strain PS27 as compared with other growth parameters; this suggests that root growth is an important point in pepper cultivation (Kang et al., 2007) . In addition, as shown in this study, P. ananatis can promote growth of other plant species. For instance, B1-9 enhanced growth promotion in cucumber, tomato, and melon plants.
Moreover, previous studies reported that P. ananatis was isolated as an endophytic PGPR from ginseng, papaya, and maize Rijavec et al., 2007; Thomas et al., 2007) . This study shows, for the first time, the successful treatment of pepper plants with newly identified P. ananatis B1-9 leading to an increased pepper fruit yield. In particular, pepper fruit yield in plants treated with B1-9 was 3 times higher than that of control pepper plants in the field. Although many previous reports have shown plant growth promotion, they often failed to examine essential growth parameters. It is likely that increased fresh weight is highly correlated with high fruit yield. High fruit yield is the most striking point in this study, suggesting that B1-9 can be successfully used in pepper cultivation.
P. ananatis is a gram-negative bacterium belonging to the family Enterobacteriaceae and is a well-known plant pathogen causing disease symptoms in various economically important crops including both monocotyledons and dicotyledons worldwide (Coutinho and Venter, 2009 ). In particular, it causes center rot disease of onions and is seedborne and seed-transmitted in onion (Coutinho and Venter, 2009; Morohoshi et al., 2007) . P. ananatis is also reported to have ice nucleation activity that can be used in the food industry, as well as biological control of specific insect pests (Watanabe and Sato, 1999) . For our pathogenicity experiments, an Erwinia carotovora species phylogenetically close to B1-9 that causes soft rot was used as a control (Toth et al., 2003) . The B1-9 strain did not cause any disease symptoms in the Chinese cabbage, carrot, and onion plants, confirming that B1-9 is a non-pathogenic bacterium against at least three plants that is completely different from known pathogenic P. ananatis species that cause disease in onion plants. In addition, a recent study provides a draft genome sequence for P. ananatis B1-9 suggesting that B1-9 does not possess genes associated with pathogenesis but genes related to plant growth promotion (Kim et al., 2012) .
P. ananatis has been shown to produce IAA, which is a member of auxin family (Enya et al., 2007; Halda-Alija, 2003) . Auxins are widely used for commercial purposes in horticulture, such as the promotion of flowering and fruit set and the prevention of fruit drop (Benjamins and Scheres, 2008) . Thus, IAA production by B1-9 is a major factor in the enhancement of plant growth and fruit yield in pepper plants. Functional characterization of B1-9 was performed, showing that B1-9 can also function in phosphate solubilization, sulfur oxidation, and nitrogen fixation. Although several abilities influenced by B1-9 were characterized in this study, it is likely that not 1 single mechanism but rather all of the identified mechanisms play important roles for positive growth response of plants.
Many studies have reported the inconsistent effect of PGPR between pot and field experiments (Thomashow, 1996; Compant et al., 2005) . The main reason for this discrepancy might the colonization ability of studied bacterial strains in the field (Compant et al., 2005) . Therefore, it is necessary to study colonization pattern, plant growth, and yield. To observe the colonization pattern of B1-9, we used DRAQ5™ fluorescence dye, which stains the DNA of bacteria and plant cells. A large number of B1-9 cells were found in the surfaces of roots and stems, as well as in guard cells. Furthermore, several colonized B1-9 cells resided in inner cortical cells. Therefore, treatment of B1-9 in rhizosphere regions can lead to efficient colonization in the plants and promote plant growth from seedling to mature plant stage. Previously, the epiphytic and endophytic colonization of P. ananatis have been shown in tomato leaves (Enya et al., 2007) . That study found that bacterial population size increased as plant leaves became bigger (Enya et al., 2007) . As a result, the bacterial cells present within and on the surfaces of leaves produce IAA that is able to enhance plant growth as well as fruit yield.
To observe colonization patterns of B1-9 in pepper plant tissues, GFP tagging of B1-9 cells was conducted using a mini Tn7 system. After transformation of plasmids into B1-9 competent cells, antibiotic resistant colonies were obtained. However, bacterial cells containing the target transposon including GFP and antibiotic resistances were not obtained from B1-9 cells. In contrast, GFP tagging was successful with genus Pseudomonas used as a positive control. It seems that B1-9 does not contain an attTn7 site in the chromosome. Therefore, GFP tagging failed in B1-9 cells. Previous studies also showed that 2 bacteria strains belonging to Pseudomonas putida did not contain attTn7 sites, causing no GFP expression (Staley et al., 1997) .
Generally, in the field of research related to PGPR, GFP or GUS tagging methods and fluorescence microscopy have been widely used to visualize bacterial cells (Bloemberg, 2007) . In addition, scanning electronic microscopy (SEM) has also been used to trace bacterial colonization in plant tissues (Ugoji et al., 2005) . In a search of an alternative way to trace bacterial colonization, we found a red fluorescent dye called DRAQ5™, which stains the DNA of bacterial cells and the DNA of nuclei and chloroplasts in plant tissues.
So far, only a limited number of studies have applied DRAQ5™, mostly in animal cells. However, DRAQ5™ was used as a fluorescent dye to stain the nuclear DNA of root hairs in Arabidopsis plants and to examine the physiological conditions of microorganisms during fermentation processes (Da Costa et al., 2006; Herrero et al., 2006) . As compared with other fluorescent DNA dyes, it has many advantages, such as a low level of photobleaching and a wide range of red excitation/emission ranges that is compatible with other fluorescent proteins including GFP, cyan fluorescent protein, and yellow fluorescent protein (Martin et al., 2005) . Also, it does not take a long time to stain samples (1-5 min). For the simultaneous study of the colonization patterns of 2 different PGPR strains in the rhizospheres of plants, DRAQ5™ can easily combine with other fluorescens such as GFP-tagged bacteria. Merged images will provide clearly distribution patterns of the 2 bacteria in the plant tissues. The most striking merit of DRAQ5™ is that it can easily stain gram-positive bacteria, with which transformation of plasmids is normally difficult. Although previous research has shown that diverse grampositive bacteria can be transformed via electroporation, it still remains difficult (Dubnau, 1999; Wirth et al., 1989) . Although DRAQ5™ is very useful dye for the fluorescence study, it also has disadvantages, including high toxicity to humans and lack of specificity for target bacteria. Therefore, it is necessary to grow plants in aseptic conditions to observe colonization patterns of interesting bacteria. The present study is the first report in which DRAQ5™ was applied for the study of colonization patterns of PGPR in plant tissues.
In conclusion, the newly identified P. anantis B1-9 can promote growth of several plant species, in particular, pepper plants with the increased fruit yield. Furthermore, the strain B1-9 can be successfully applied because of its high colonization capacity in plant tissues and abilities to function in phosphate solubilization, sulfur oxidation, nitrogen fixation, and IAA production.
